ABSTRACT
INTRODUCTION
Multiple sequence alignments can provide information on the evolution and structure of molecular sequences. They are the first step in inferring phylogenetic trees, and can be used for comparative analyses to find constrained conserved regions and functional interactions. Such interactions, caused by structural or by biochemical requirements, may be indicated by statistical correlations between amino acids or bases in the sequences. Mutual * To whom correspondence should be addressed. information has been used very successfully to infer structural correlations between bases in ribosomal RNA (Gutell et al., 1992; Chiu and Kolodziejczak, 1991) . The smaller alphabet (four bases) in nucleic acid sequences results in the rapid loss of phylogenetic signal (due to saturation), in which case statistical correlations can more easily be attributed to functional constraints. With proteins, which have an alphabet of 20 amino acids, strong correlations between residues can arise because of phylogenetic clustering as well as functional importance (Wong et al., 1976) . Several studies have demonstrated the difficulty in distinguishing covariations stemming from functional biological interactions between amino acids from the background covariation due to phylogenetic relationships (Pollock and Taylor, 1997) . Methods to find constrained regions in the alignment (Aimon et al., 2002) or to find correlations between sites (Shindyalov et al., 1994; Pollock et al., 1999; Atchley et al., 2000; Wollenberg and Atchley, 2000) assume a phylogeny and substitution model. However, alignment, tree and model are all inter-related assumptions, and it has been shown by computer simulation that these methods of detecting functional importance are not robust with respect to the assumed trees and the substitution models (Pollock and Taylor, 1997; Tuffery and Darlu, 2000; Wollenberg and Atchley, 2000) . Phylogenetic inference is dependent upon the alignment and the model used, and is subject to error, particularly for sequence alignments of small protein domains with many representatives. Recently, Pritchard et al. (2001) noted that phylogenetic patterns of substitution will create recurring blocks of similar substitution patterns, which, when pre-identified, will lead to an improvement in the accuracy of detection of correlations that are not due to the phylogenetic pattern.
A novel method is presented for identifying functionally constrained and correlated amino acid side-chains using protein alignments. The method assumes that all sites in a sequence have followed the same phylogeny resulting in a Substitution pattern observed at many sites (1, 2, 3, 4, 7, 8 CEIN HE CA… Fig. 1 . Alignment example. The alignment shows that many sites (1,2,3,4,7,8,. . . ) have substitution patterns consistent with the phylogeny on the left. Many statistical correlations occur between these sites. Sites 5 and 6 have strongly correlated substitution patterns to each other but not to the others in the sequence. The unusual substitution pattern found at sites 5 and 6 indicates functional convergence.
consistent pattern of substitution throughout the sequences thus creating many correlations between sites. Sites with few statistical correlations do not follow the phylogenetic patterns, indicating sites that are functionally correlated, highly constrained, or rapidly evolving.
METHODS
The phylogenetic relationship between a set of sequences results in similar substitution patterns at many sites in their alignment (Fig. 1) . Although amino-acid sites in a protein may be evolving independently of one another, their following the same phylogeny results in strong statistical correlations between them. This phylogenetic effect can be quantified by measuring the strength of the correlations between the sites from the degree to which it covaries with other sites. Sites that are following the general phylogenetic trend of substitution will strongly correlate with each other and thus should have many interdependencies, whereas sites that tend to have functional correlations will only do so with one or a few other sites. We can measure the degree to which a site follows the phylogenetic trend by determining the degree to which a site correlates with the others in the sequence using a quantity called multiple significant interdependency (Chiu and Wong, 2000) . Sites with low multiple significant interdependencies do not follow the general trend attributable to phylogeny and we can thus attribute their correlations specifically to functional requirements. (Haberman, 1973) . The value of exp(e pq i j ) is calculated by assuming the values a i p and a jq are mutually independent. The standardized residuals are further adjusted by their variance for a more precise analysis (see Wong and Wang, 1997) . The resulting adjusted residuals follow an asymptotic normal distribution. A confidence level of α = 0.01 was chosen for all analyses described here.
(b) Multiple significant interdependency
Once all statistically significant joint observations have been identified, values for self mutual information, expected mutual information and multiple significant interdependencies are calculated. These measure for the strength of correlations between sites in the alignment.
The self mutual information between sites X i and X j is defined as:
where P(X i = a i p ), P(X j = a jq ) and P(X i = a i p , X j = a jq ) are probabilities estimated using maximum likelihood or other estimation procedure (Chiu and Wong, 2000) . The expected mutual information, M I (X i , X j ) is defined as (Ash, 1965) :
where the sums are over L i and L j , all of the observed amino acids in the ith and jth columns of the alignment ( 1 L i , L j 20). The multiple significant interdependency for a given site X i , is calculated using:
M S(X i ) measures the total amount of interdependencies that site X i has with all other sites in the sequence (Chiu and Wong, 2000) . When the alignment included gaps due to insertions or deletions the M S(X i ) values decrease because of the reduced opportunity for interaction. The adjustment for deletions on site X i is defined as:
where M is the total number of sequences, (X i ) is the number of deletions on site X i . The adjustment for indels was used only when their frequency was small. Sequences consisting of more than 20% deletions were removed from the analysis, as were sites in the alignment with more than 5% deletions.
(1) Dependency ratio. In any sequence alignment, sites with high M S are assumed to reflect the average phylogenetic pattern of substitutions. To determine the degree of correlation between site X i and site X j that is not attributable to phylogeny, we weighed the amount of dependency between the two sites by their multiple significant interdependencies. The dependency ratio is defined as:
(2) Adjusting the dependency ratio according to entropy. The dependency ratio also identifies sites that are evolving unusually slowly or quickly since these sites have low MS values. A simple measure of variation at a site X i is provided by Shannon's entropy function (Ash, 1965) :
The dependency ratio increases with both low and high values of the product of entropy values at the two sites even when no functional correlation exists between them. The entropy factor
can be used to reduce D(X i , X j ) for sites with extreme entropy. The new quantity, named the entropy-weighted dependency ratio R(X i , X j ), is defined by:
After considering many possibilities using computer simulated data sets, this weighing scheme was found to perform the best (data not shown). The reduction in the entropy was still not sufficient for the extreme values of entropy and those sites with H (X i ) < 0.3 and H (X i ) > 0.9 were ignored.
(3) Statistical significance of the dependency ratio. The set of interdependent site-pairs is
From S 1 , we selected the subset S 2 of site-pairs such that only the maximum significant correlation is considered for each site: (Chiu and Kolodziejczak, 1991) . This also helps to reduce the number of false positives due to multiple tests. After defining S 2 , we needed to develop a statistical test of significance for R(X i , X j ) in order to select the site-pairs from S 2 with significantly high dependency ratios. We observed in simulated data and actual protein alignments that the distribution of R(X i , X j ) values in S 1 follows a gamma distribution. This is demonstrated for a sample data set in Figure A (Supplementary material). Functional correlations in S 2 have high R(X i , X j ) and are deemed outliers, so the statistical significance of the R(X i , X j ) was based on testing for outliers of the gamma distribution. The mean and variance are estimated for the R(X i , X j ) values in S 1 but excluding those in S 2 and we call this set S 1 -S 2 . We excluded the values in S 2 since these necessarily include real positive values, which would skew the test and make it overly conservative. The values in S 1 -S 2 were then used to estimate the scale (r ) and shape (λ) parameters of the gamma function S 1 -S 2 (r, λ). The probability that a point in S 2 is an outlier of this S 1 -S 2 (r, λ) distribution is then estimated using the statistical test Ga1 from (Barnett and Lewis, 1994, p. 197) , using the following inequality:
where
and n is the number of observations in S 1 -S 2 . We define S 3 as the set containing all the site-pairs (X i , X j ) in S 2 having a high dependency ratio given a confidence level S P(t i j ) 0.05 such that
RESULTS
(1) Analysis of alignments from computer simulations Computer simulations were used to evaluate the accuracy of the dependency ratio. Data sets of varying sizes (40-320 sequences) and widths (50-500 amino acids) were built from randomly generated sequences following the Probability Model from Blocks model of amino acid substitution (PMB, Tillier, Smith and Veerassamy, submitted). Branching patterns for the trees used were regular and the evolutionary rate varied between sites according to a gamma distribution. The largest mean evolutionary distance between the generated sequences ranged from 40 to 200 substitutions per 100 amino acids. Some degree of correlation was forced in the first 10 sites such that substitutions at sites 1, 3, 5, 7 and 9 followed the probability model but for sites 2, 4, 6, 8 and 10, a decision was taken for each branch in the tree to either follow the probability model (option A) or to assign the same amino acid as the one found at the previous site (option B). The probability of option B was 0.5 for site 2, 0.4 for site 4, 0.3 for site 6, 0.2 for site 8 and 0.1 for site 10. Site-pairs 1-2, 3-4, 5-6, 7-8, and 9-10 served as positive controls. Any statistical correlation found between sites after the 10th is due to the generated phylogeny, or to chance. Figure 5 shows the number of data sets and site-pairs with significant weighted-dependency ratio, R(X i , X j ) and whether the site-pairs identified are the five positive control site-pairs. We also considered whether the maximum mutual information, M I (X i , X j ) identified a positive control site-pair. The ability to detect sites that have a functional interaction increased with the number of sequences. Also, it was preferable to have at least as many sequences as there are sites in the alignment to be able to detect most of the correlations. Considering significant pairs with the maximum mutual information values was much less accurate in identifying functional interactions, particularly with longer alignments.
The false positive rate was also considered in Figure 5 . The number of times site-pairs outside of the first ten were found to have a significant R(X i , X j ) is given, as well as the number of times such a pair had the maximum M I (X i , X j ). These simulations showed that using high values of M I (X i , X j ) as a criterion would frequently lead to wrong assignments because of phylogenetic relatedness. The entropy-weighted dependency ratio was able to detect actual interactions with a much lower rate of false positives than using the mutual information values alone. This is illustrated in Figure 2 , where the entropyweighted dependency ratio is plotted versus the mutual information from 100 simulations. The dependency ratio for actual correlated sites rises above that for sites that are not correlated, even when these sites have low mutual information values.
(2) Analysis of the alignments in the Pfam database PfamA release 7.3 (Bateman et al., 2002) consists of a curated database of many large alignments of related proteins and is ideal for our analysis. Simulations (above) indicated that the detection rate of interacting sites was low with small data sets. Of the 3849 protein families in the database, we considered only the 544 alignments containing more than 100 sequences of sequence width longer than 100. Only 75 showed at least one pair of amino acids with significant R(X i , X j ) (P < 0.05). A total of 162 significant interactions were identified. Expecting these might indicate a structural contact, we considered the 40 alignments that had a member of the family with a solved X-ray structure in PDB (Berman et al., 2000) . We mapped the positions of the 62 amino acid pairs in the 40 representative crystal structures (results are shown in Table 2 , Supplementary material). For each amino acid pair of significant R(X i , X j ), we determined the spatial distance between the C α carbons. For comparison, the same number of pairs was chosen for their maximum M I (X i , X j ) values (which in some cases are the same sites). The distribution of spatial distances is plotted in Figure 3 . The average distance between the C α carbons of pairs with significant R(X i , X j ) was 9.83Å, significantly lower (P < 0.028) than those with maximum M I (X i , X j ) values with average distance of 12.67Å. In Table 3 (Suplementary material), the site-pairs with significant R(X i , X j ) are given for those alignments without a representative structure. As expected, many substitutions preserve the general physical properties of the amino acid side chains. The advantage of evaluating the dependency ratio over the mutual information values is illustrated in the example of the Pfam alignment (PF00108). Figure B (Supplementary material) shows the relationship between M I (X i , X j ) and R(X i , X j ) for all significant pairs (S 2 ) in that alignment. Only one pair had a significant R(X i = 7, X j = 262) (site-pair A), and another pair with the highest M I (X i = 97, X j = 155) value (site-pair B) was selected for comparison. Using all sites in the data set, a neighbor-joining tree was constructed using protdist from the Phylip package (Felsenstein, 2001) . The cladogram obtained is shown in Figure 4 and the identities of the amino acids at the sites are given for each sequence. At site-pair A were several convergences where the amino acid pairs RE, DS, ES, TA, EK and RQ recur several times throughout different groupings in the tree. At site-pair B, the pattern of substitution is much more congruent with the tree. The statistical interaction between site-pair B reflects the phylogeny more than those at site-pair A, as we predicted using the dependency ratio.
DISCUSSION
The dependency ratio measures the strength of the statistical interdependency between two sites in an alignment weighted by the sum of the strength of the interdependencies of those two sites with all the other sites. Although two sites may have highly correlated substitution patterns, similar patterns repeated at other sites indicate a phylogenetic signal and not a functional interaction. Additionally, significant statistical correlations due to similarly extreme variability were also eliminated. Although the correlation with another site may be incidental and not necessarily caused by functional interdependence, it is important to identify these sites as being unusual in their rate of evolution, possibly indicating functional importance. In actual proteins however, low entropy at two or several sites may 155) selected using MI(Xi,Xj) Site-pair A (7,262) selected using R(Xi,Xj) VN AT LG QC NA IH RE DS ES TA EK RQ Fig. 4 . Different substitution patterns for pairs selected using M I (X i , X j ) and R(X i , X j ) for PF00108. The neighbor-joining tree for all sites in the alignment was obtained using the programs protdist and neighbour from the Phylip package (Felsenstein, 2001) . We compare the distribution of the statistically significant amino acid combinations at the sites (X i = 97, X j = 155) corresponding to the highest M I (X i , X j ) value for that alignment, with the distribution of the amino-acid combinations for (X i = 7, X i j = 262) which have a statistically significant R(X i , X j ).
Only sequences with at least one of the represented site pairs are included.
result from of an actual physical interaction between those sites, only possible between a small set of amino acids. The entropy-weighted dependency ratio is a highly conservative measure geared to reduce the false positive identification of functional interactions at the expense of many false negative identifications. Reducing the false positive rate was important because our intention was to apply the method to large databases of protein alignment. We are confident that the interactions detected in the Pfam database reflect true functional interactions since we were able to verify that most of the amino acids identified in the interactions were spatially close in the crystal structure. Amino acids found not to be close in the crystal structure are good candidates for further Total (from 100 simulated data sets) number of significant site-pairs which is one of (X i = 1, X j = 2) . . . (X i = 9, X j = 10). Maximum is 500. (B) Detection ability of R(X i , X j ) (data sets). Total number of data sets with at least one significant site-pair such that (X i = 1, X j = 2) . . . (X i = 9, X j = 10). Maximum is 100. (C) False positive rate of R(X i , X j ): Total (from 100 simulated data sets) number of significant site-pairs selected which is not any of (X i = 1, X j = 2) . . . (X i = 9, X j = 10). (D) Detection rate of maximum M I (X i , X j ). Total (from 100 simulated data sets) number where the site-pair with maximum M I (X i , X j ) is any one of (X i = 1, X j = 2) . . . (X i = 9, X j = 10). (E) False positive rate of maximum M I (X i , X j ). Total number of data sets where the site-pair with maximum M I (X i , X j ) site-pair is not any of (X i = 1, X j = 2) . . . (X i = 9, X j = 10).
biochemical and structural studies since the correlation may indicate involvement of another molecule possibly through dimerization, quaternary structure, or substrate interaction.
Our approach makes inferences based on the alignment, without any additional assumptions. This is unlike most other approaches, which need a prior estimation of the phylogenetic relationship between the sequences, or assume any prior substitution probabilities. Including such information as the tree and a substitution model might make the method more powerful, but would risk making the method erroneous. The method described here assumes that an overall phylogenetic signal will be observed over the many evolving characters in a sequence. It is powerful since the phylogenetic pattern can be detected with information statistics even in very large data sets when there is not an exact matching of the substitution patterns. This method has allowed us to rapidly analyze many data sets of protein alignments in the Pfam database, identifying functional important sites and functional interactions.
